The inheritance pattern of the skeletal muscle hypertrophy phenotype caused by the callipyge gene has been characterized as polar overdominance. We hypothesized that this trait may be caused by a gain or loss of gene expression because of the reversible nature of the phenotype in paternal vs. maternal inheritance. Suppression subtraction cDNA probes were made from skeletal muscle mRNA of normal (NN) and callipyge Expression of GTL2 in the supraspinatus, which does not undergo hypertrophy, was very low for all genotypes and ages. Isolation of cDNA sequences show extensive alternative splicing and a lack of codon bias suggesting that GTL2 does not encode a protein. The mutation of the callipyge allele has altered postnatal expression of GTL2 in muscles that undergo hypertrophy and will help identify mechanisms involved in growth, genomic imprinting and polar overdominance.
Introduction
The growth of skeletal muscle is a trait of primary importance for domestic animal agriculture. Identi®cation of the causative genes and their biological function in traits altering normal growth will contribute to our understanding of skeletal muscle growth. The callipyge locus in sheep results in muscle ®bre hypertrophy in the muscles of loin and pelvic limbs but no signi®cant hypertrophy in the muscles of the thoracic limbs (Jackson et al. 1997a,b,c) . Callipyge lambs are born with normal muscle development, with the callipyge phenotype developing after about 3 weeks of age. The hypertrophy-responsive muscles have an increase in the proportion and diameter of fast-twitch, glycolytic (Type IIb) muscle ®bres (Koohmaraie et al. 1995; Carpenter et al. 1996) .
The callipyge locus has been mapped to the telomeric region of chromosome 18 (Cockett et al. 1994; Fahrenkrug et al. 2000) , and is inherited in a non-Mendelian mode termed polar overdominance Freking et al. 1998a) . Only paternal heterozygotes (C Pat N Mat ) have the callipyge phenotype, while maternal heterozygotes (N Pat C Mat ) and both homozygotes (NN and CC) have normal muscle growth. The parent-of-origin effect suggests a possible involvement of genomic imprinting in regulating the expression of the callipyge phenotype Cockett et al. 1997; Fahrenkrug et al. 2000) . Physical contigs spanning the callipyge region have recently been constructed using overlapping bacterial arti®cial chromosomes (BAC) clones from ovine chromosome 18 and bovine chromosome 21 . Using breakpoint mapping with additional markers from the contig, the location of the callipyge locus has been narrowed to a 285-kb region between markers MULGE5 and OY3 . The callipyge region of ovine chromosome 18 and the conserved sytenic region of human chromosome 14 and mouse chromosome 12 have been shown to contain an imprinted gene cluster (Wylie et al. 2000; Miyoshi et al. 2000; Schmidt et al. 2000; Takada et al. 2000; Charlier et al. 2001a) . Sequencing of two ovine BAC from the callipyge region and analysis of expressed single nucleotide polymorphisms has shown the presence of six transcripts that exhibit parental imprinting in sheep skeletal muscle (Charlier et al. 2001a) .
The polarity or parent-of-origin effect results in an apparent reversible nature of the mutation after transmission through a maternal line. This led to the hypothesis that the mutation of the callipyge allele results in a gain or loss of expression of gene transcription in contrast to a dominant or recessive coding sequence mutation that does not alter mRNA expression. Expression of transcripts from four genes from the callipyge region of chromosome 18 was altered in a genotype speci®c manner in the longissimus dorsi of 8-week-old lambs (Charlier et al. 2001b) . The availability of the BAC contig allowed the gene expression hypothesis to be further tested using suppression subtraction probes (Diatchenko et al. 1996) made from cDNA of muscles that undergo hypertrophy in callipyge animals.
Materials and methods

Tissue collection
The mating of NN ewes with either NN or CC rams produced lambs with NN or C Pat N Mat genotypes, respectively. Lambs with N Pat C Mat or CC genotypes were produced from matings of C Pat N Mat or CC ewes with a C Pat N Mat ram. The genotypes of all lambs were veri®ed using several markers that¯ank the callipyge region. Lambs were slaughtered in accordance with humane practices approved by the Utah State University Animal Care and Use Committee. Tissue samples were obtained from two NN and C Pat N Mat lambs at an estimated 14 days pre-partuition (prenatal) based on known breeding dates and at 14 days of age (day 14). Samples were collected from two lambs of all four genotypes at 56 days of age (day 56). The longissimus dorsi, semimembranosus and gluteus medius were sampled for muscles that were hypertrophy-responsive. The supraspinatus and tongue were sampled for muscles that do not undergo hypertrophy. Heart, lung and kidney samples were also collected. The tissues were placed in ®ve volumes of RNA later (Ambion Inc., Woodlands, TX, USA) and RNA was isolated using Trizol (Lifetechnologies Inc., Gaithersburg, MD, USA) according to the manufacturers' instructions.
Analysis of the callipyge contig
Suppression subtraction probes were made for both subtractions (NN±CN and CN±NN) for each of the three time points using the cDNA Subtraction Kit (Clonetech Inc., Palo Alto, CA, USA). Poly A+ RNA for the suppression subtraction probes was isolated using Oligotex Direct (Quiagen, Valencia, CA, USA) after pooling equal mass quantities of total RNA from each of the three hypertrophy-responsive muscles from NN and C Pat N Mat animals. Two micrograms of poly A+ mRNA were converted to double-stranded cDNA and digested to completion with RsaI. The suppression subtraction probes were made by precisely following the manufacturer's protocol. Thirty-®ve bovine and ovine BACs that span the callipyge contig from markers BMS1561 to OY15 were isolated by alkali lysis and isopropanol precipitation. The BACs were digested with EcoRI and the restriction enzyme fragments separated by electrophoresis through 0.8% Seakem LE agarose (FMC Bioproducts, Rockland, ME, USA). kDNA was added to 1 kb Ladder (Lifetechnologies) and run with the BACs as the molecular mass standard. Southern blots were made using alkali blotting to positively charged nylon membranes using standard methods (Sambrook et al. 1989) . Northern blots were prepared using denaturing formaldehyde gel electrophoresis of 10 lg of total RNA or 1 lg of poly A+ mRNA and transferred to positively charged nylon membranes using standard methods (Sambrook et al. 1989 
Complementary DNA selection
Sequences from the suppression subtraction probes were isolated by hybridization to alkali denatured BAC DNA immobilized on positively charged nylon membrane. The membranes were hybridized as described above with unlabelled probes and washed to high stringency two times prior to elution from the nylon membrane in water at 95°C for 2 min. The eluted cDNA were ampli®ed by common¯ank-ing primers, cloned by standard methods, and sequenced on an ABI 377 using Big Dye terminator chemistry (Applied Biosystems Inc., Redmond, WA, USA).
Reverse trancriptase±PCR (RT±PCR) cloning
Oligonucleotide primers that would amplify overlapping cDNA sequences were designed from the ovine gene trap locus two (GTL2) genomic DNA sequence and hybrid selected cDNA. First strand cDNA was synthesized from either prenatal NN lambs or day 56 CC lambs using oligo dT and Superscript (Lifetechnologies Inc.) according to the manufacturers instructions. The 5¢ and 3¢ end sequences were isolated using an anchored single-sided PCR strategy (Loh et al. 1989) . Complementary DNA synthesis was primed by a gene-speci®c antisense primer in the presence of the SMART oligologonucleotide (Clontech Inc.) for 5¢ end cDNA cloning. The sequences were ampli®ed by PCR using Advantage 2 polymerase mix (Clontech Inc.) using two additional nested antisense primers and sense primers complementary to the SMART oligonucleotide. All PCR products were cloned using the ZERO Blunt TOPO cloning kit (In Vitrogen, Carlsbad, CA, USA). Plasmid DNA was puri®ed by Qiagen miniprep kits and both strands sequenced as described. DNA sequence data were analysed using the University of Wisconsin Genetics Computer Group software package.
Results
Hybridization of the cDNA subtraction probes to the BAC contig of the callipyge region resulted in hybridization of numerous EcoRI fragments in all BACs (data not shown).
When an expressed ovine SINE cDNA was pre-hybridized to the subtraction probes, the only hybridization signal by day 56 NN±CN subtraction probes was vector background (Fig. 1a) . After pre-hybridized of the SINE sequence to the day 56 CN±NN probes, hybridization to the 15 and 9 kb EcoRI fragments from ovine BACs and the 18 and 9 kb EcoRI fragments of the bovine BACs was observed (Fig. 1b) . The 15 and 9 kb EcoRI fragments from ovine BAC 444A5 (Gill et al. 1999) were subcloned and sequenced at each end and four internal restriction enzyme sites. A BLASTN (Altschul et al. 1997) the callipyge contig . Complementary DNA selection was used in order to identify the source of the BAC-speci®c hybridization to the CN±NN probes. Seven RsaI cDNA fragments with identity to mouse gtl2 and human clone 23887 mRNA were recovered by cDNA selection of CN±NN probes by ovine BAC 444A5. These seven ovine GTL2 cDNA were used to probe the BAC contig and each hybridized to either the 15 or 9 kb EcoRI fragments of the ovine BACs (data not shown) indicating the GTL2 cDNA were responsible for the differential signal. Northern blot analysis was carried out to verify the differential expression detected with the subtraction probes. Hybridization of ovine GTL2 cDNA to skeletal muscles that are hypertrophy-responsive in NN and C Pat N Mat lambs is shown in Fig. 2 . There was a 9-kb band that was detectable in most samples including the lung, regardless of time point or genotype. A broad hybridization signal indicating a population of RNA molecules was present in the prenatal samples of both the NN and C Pat N Mat genotypes (Fig. 2) . Postnatal expression of GTL2 was down regulated in NN lambs but a population of RNA centred around 2.4 kb remained expressed at high levels in hypertrophy-responsive muscles at day 14 in C Pat N Mat lambs (Fig. 2) . Analysis of the semimembranosus (Fig. 2 ) and the longissimus (data not shown) in the four possible genotypes at day 56 indicates elevated postnatal expression of the 2.4 kb population in both heterozygotes (C Pat N Mat and N Pat C Mat ) as well as CC lambs.
Expression of GTL2 mRNA was also evaluated in skeletal muscles that are not hypertrophy-responsive and in nonmuscle tissue in day 14 NN and C Pat N Mat samples (Fig. 3 ).
The 9 kb band was detectable to various degrees in all of the assayed tissues. There was very little expression detected in the supraspinatus, which is not hypertrophy responsive, in either NN or C Pat N Mat lambs, but there was substantial postnatal expression in the tongue of both NN and C Pat N Mat lambs (Fig. 3) . Northern blot analysis of poly A+ mRNA from hypertrophy-responsive muscles show that the differential expression of GTL2 in hypertrophy-responsive skeletal muscle was restricted to the spliced transcripts that was normally down-regulated in postnatal animals (Fig. 4A) .
Comparisons of the partial sequence from BAC 444A5 with the cDNA sequence indicated an intron sequence that was used to probe the Northern blot of poly A+ mRNA (Fig. 4b) . The intron probe hybridized to the 9 kb RNA band but not to the 2.4 kb RNA population (Fig. 4b) indicating that the large transcript is a polyadenylated, unspliced GTL2 transcript. The expression of the transcription factor YY1, which is found within the callipyge contig and regulates the expression of skeletal muscle speci®c genes, was not in¯u-enced by genotype (Fig. 4c) . The ovine GTL2 cDNA sequence was determined by an overlapping RT±PCR strategy and the cDNA sequenced to date (Accession Nos. AY017217±AY017222) are derived only from prenatal NN and day 56 CC lambs. The PCR ampli®cation products consistently produced multiple bands indicating alternative splicing. The consensus sequences (Fig. 5 ) of these PCR products along with 5¢ end sequences isolated by anchored single-sided PCR (Loh et al. 1989) , show that the 2.4 kb population has extensive alternative splicing throughout the mRNA molecule. Based on the size distributions of mRNA in the Northern blots (Figs 2 & 3) , only a proportion of the total possible splice variants have Figure 2 Northern blot analysis of GTL2 expression. The time points and genotypes (paternal allele ®rst) are indicated for each set of Northern blots. The tissues are longissimus dorsi (Ld), semimebranosus (Sm), gluteus medius (Gm), and lung (Lg). The day 56 Northern blot is a single muscle (Sm), from the four possible genotypes. A band at approximately 9 kb is indicated by a black arrow and a population of mRNA centred around 2.4 kb are indicated by a white arrow. Figure 3 Tissue distribution of GTL2 expression. The tissues from day 14 samples are longissimus (Ld); semimembranosus (Sm), supraspinatus (Sp), tongue (Tg), heart (Ht), lung (Lg), and kidney (Kd). The 9 kb band (black arrow) was present in all tissues depending on autoradiograph exposure time. The 2.4 kb population (white arrow) was abundant in the tongue in both genotypes, but was very low in the supraspinatus (Sp) and other non-skeletal muscle tissues.
Ó 2001 International Society for Animal Genetics, Animal Genetics, 32, 248±256 been identi®ed. All of the indicated splice junctions were con®rmed from partial genomic DNA sequence from BAC 444A5. Nucleotides 104±155 in splice variant A (Fig. 5) were identical to the partial genomic DNA sequence and may be part of a retained intron. The other two 5¢ sequences (Fig. 5b & c) are exon variants that use different splice acceptor sites. An exon boundary at nucleotide 919 had three different splice acceptor sites that generated four different splice variants (Fig. 5) . Two variants were detected in both NN and CC genotypes and three variants were detected only in the CC genotype (Table 1 ).
The sequence of ®ve possible splice variants ranged from 72 to 54% identity when aligned with two splice variants of the human orthologue (Table 1 ). There are three human GTL2 transcript sequences in GenBank (Accession Nos. AB032607, AF119863, AF052114), representing two distinct splice variants that differ at the 3¢ end. These two splice variants correspond to the two ovine 3¢ splice variants detected in both NN and CC genotypes (Fig. 5d &  e) . The ovine 3¢ D splice variant had 14±18% higher identities to AF119863 than to AF052114 (Table 1 ). The shorter ovine 3¢ E splice variant had the opposite result, with 14% higher identity to AF052114 than to AF119863. Comparison of the sheep consensus sequences with mouse gtl2 sequence produced a range of 50±54% identity (Table 1 ). In addition to the overall sequence identities, there were six short regions from 26 to 115 bp that had between 84 and 100% identity between the sheep and humans sequences. Five of these sequences also had 86±92% identity to mouse gtl2.
The ovine sequence variants each had at least six possible open reading frames; however, they lack either strong or adequate Kozak sequences within 1 kb of 5¢ end that would indicate a translation-initiating start codon (Kozak 1996) . The TESTCODE program was designed to distinguish true protein coding sequences from fortuitous open reading frames by detecting nucleotide positional bias because of non-random codon usage (Fickett 1982) . The ®ve splice variants from Table 1 produced scores from 0.455 to 0.533, which indicates a maximum probability of 0.04 that the sequence contains a protein coding sequence (Fickett 1982) . In contrast, ovine sequences for myostatin (AF019622), glycogen myophosphorylase (AF001899) and skeletal muscle calpain p94 (AF087570) produced higher scores of 0.744 (ambiguous), 1.30 and 1.01 (protein coding), respectively, indicating positional bias in protein coding genes expressed in ovine skeletal muscle.
Discussion
These results support the hypothesis that the mutation causing the callipyge trait has resulted in changes of gene expression. The GTL2 locus has altered postnatal expression in the loin and leg muscles that segregates with the C allele. The unspliced 9.0 kb band was present in all tissues regardless of age or genotype. However, expression of the alternatively spliced 2.4 kb GTL2 population was only altered in muscles that undergo hypertrophy, which was consistent with the callipyge phenotype. Expression of GTL2 was not in¯uenced by genotype in the supraspinatus or tongue, although they have opposite expression patterns. The fact that postnatal expression was also found in N Pat C Mat and CC lambs that do not undergo hypertrophy indicates that elevated postnatal expression of GTL2 was the result of a mutation affecting expression and was not a consequence of muscle hypertrophy. The combined characteristics of the GTL2 cDNA sequence including extensive alternative splicing throughout the (B) Hybridization of an intron probe indicate that the 9 kb band (black arrow) was a non-spliced poly A+ mRNA present in both postnatal genotypes and time points. (C) Hybridization to a YY1 probe (striped arrow) indicated that another gene within the contig was not differentially expressed with respect to the C allele. Figure 5 Consensus sequences of alternatively spliced ovine GTL2 cDNA. The longest consensus sequence ampli®ed from day 56 CC animals is given with alternatively spliced exons shown below the numbered sequence. The shaded arrowheads mark the alternative splice acceptor sites. The 5¢ sequences A and C were isolated from CC genotypes and 5¢ sequence B was isolated from NN genotypes. The 3¢ sequences D and E were isolated from both NN and CC genotypes. The open arrowheads mark exon boundaries that use different splice acceptor sites. The black arrowheads indicate splice sites that were not variable. The open arrowhead (1) marks an exon boundary that has three splice acceptor sites (1, 2 and 3) that generate four splice variants. The splice variants that contain sequences between 1 and 2 and between 1 and 3 were only detected in CC animals. Splice variants containing the sequences between 2 and 3 as well as the absence of the entire sequence between 1 and 3 were detected in both NN and CC animals. The sequence data for nt 190±1169 can be found in Accession number AY017220 with fragments from splice variants A±E in AY017217±9 and AY017221±2, respectively. Erdmann et al. 2000; Kelley & Kuroda 2000) . However, the mere presence of alternatively spliced GTL2 RNA does not result in muscle hypertrophy so the mechanism of polar overdominance was not obvious from these results.
In order for GTL2 expression to be the direct cause of muscle hypertrophy there must be qualitative or quantitative differences in expression of spliced GTL2 transcripts and that only a subset of the spliced mRNA would be biologically active. We have observed that some introns were consistently removed while others were spliced with variable splice acceptor sites and there were some splice variants detected in CC animals that were not present in NN animals. Extensive sampling of the alternatively spliced variants present in all four genotypes will be necessary to determine if novel splice variants are present or absent in C Pat N Mat animals that result in muscle hypertrophy. Another possibility is that the biologically active RNA may be an intron that is spliced out of a primary transcript. Several small nucleolar RNA are found within the introns of host premRNA (Tycowski et al. 1996; reviewed by Eddy 1999) . Because of the use of poly A+ mRNA for the suppression subtraction probes, these types of RNA would not be detectable with the current experimental design. The gtl2 gene was initially identi®ed through a gene trapping experiment that resulted in a proportional dwarf phenotype when the trapped locus was inherited from the sire in some mouse lines (Schuster-Gossler et al. 1996) . They found expression of numerous alternative splice variants and a high steady state of unspliced RNA, and proposed that the gene produces a non-coding RNA that was expressed from the paternal allele (Schuster-Gossler et al. 1998) . Subsequently, the mouse gtl2 gene and the human orthologue maternal expressed gene 3 (MEG3) have been shown to be expressed from the maternal allele (Miyoshi et al. 2000; Schmidt et al. 2000; Takada et al. 2000; Wylie et al. 2000) . Furthermore, the closely linked dlk1 locus, which is a member of the epidermal-growth factor family (Laborda et al. 1993; Smas & Sul 1993; Jensen et al. 1994) , is paternally expressed in mice and humans (Schmidt et al. 2000; Takada et al. 2000; Jirtle et al. 2000) . It is a strong possibility that altered expression of the DLK1 gene in¯u-ences the callipyge phenotype (Fahrenkrug et al. 2000) . Expression of dlk1 (also known as pref-1) inhibits differentiation of pre-adipocytes into adipocytes (Smas & Sul 1993; Garces et al. 1999 ) and callipyge lambs have signi®cantly leaner carcasses (Jackson et al. 1997b; Freking et al. 1998b) . However, the direct connection of DLK1 to postnatal muscle hypertrophy is not clear.
Two ovine BAC clones and connecting long range PCR product of the ovine callipyge region have been sequenced and compared with the orthologous human genomic sequence (Charlier et al. 2001a; Accession No. AF354168) . The comparative sequence analysis predicted the presence of four novel genes, DLK1-associated transcript (DAT), paternal expressed gene 11 (PEG11), antiPEG11 and MEG8 in addition to the DLK1 and GTL2 genes. Expression of all six transcripts could be detected in skeletal muscle. The two protein coding genes, DLK1 and PEG11 along with one non-protein coding gene, DAT, were expressed from the paternal allele, whereas three other non-protein coding genes, GTL2, antiPEG and MEG8 were expressed from the maternal allele (Charlier et al. 2001a) . The presence of the callipyge mutation has been shown to alter the expression of DLK1, GTL2, PEG11 and MEG8 in different callipyge genotypes without altering their imprinting status (Charlier 1 Sequence ranges refer to the labelling of Fig. 5 . 2 A second sequence (AB032607) was six nucleotides longer than AF119863 but was otherwise identical. 3 The ®rst 1000 bp of this sequence was identical to AF199863 and AB032607 but the remaining 1433 bp was different. 4 The mouse gtl2 sequence was a genomic DNA sequence containing all possible exons and with all introns removed. 5 These splice variants do not have the sequence between nucleotides 919 and 1020 (number 1 and 2 arrow heads in Fig. 5 ).
et al. 2001b). The unknown callipyge mutation appears to have both cis and trans regulatory effects on the expression of genes in this imprinted gene cluster that result in polar overdominant inheritance of muscle hypertrophy (Charlier et al. 2001b) . The gene trapping experiment in mouse and these results on the callipyge trait in sheep both indicate that mutations near the GTL2 locus can have a dramatic effect on prenatal and postnatal growth. The fact that GTL2 appears to be a non-coding RNA has potential to reveal unknown regulatory mechanisms or signalling pathways that control growth. Identifying the mutation in the C allele that alters temporal and spatial muscle speci®c expression of GTL2 and nearby loci will provide insight into mechanisms of genomic imprinting and the nature of polar overdominant phenotypes.
